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Abstract
ATLAS and CMS recently show the first results from run 2 of the Large Hadron Collider (LHC)
at
√
s = 13 TeV. A resonant bump at a mass of around 750 GeV in the diphoton invariant mass
spectrum is indicated and the corresponding diphoton production cross section is around 3-10 fb.
Motivated by the LHC diphoton excess, we propose that the possible resonance candidate is a
Higgs singlet. To produce the Higgs singlet via gluon-gluon fusion process, we embed the Higgs
singlet in the framework of vector-like triplet quark (VLTQ) model. As a result, the Higgs singlet
decaying to diphoton final state is via VLTQ loops. Using the enhanced number of new quarks
and new Yukawa couplings of the VLTQs and Higgs singlet, we successfully explain the diphoton
production cross section. We find that the width of the Higgs singlet is below 1 GeV, its production
cross section can be of order of 1 pb at
√
s = 13 TeV, and the branching ratio for it decaying to
diphoton is around 0.017 and is insensitive to the masses of VLTQs and new Yukawa couplings.
We find a strong correlation between the Higgs Yukawa couplings to s-b and c-t; the resulted
branching ratio for t → ch can be 1.1 × 10−4 when the constraint from Bs oscillation is applied.
With the constrained parameter values, the signal strength for the SM Higgs decaying to diphoton
is µγγ < 1.18, which is consistent with the current measurements at ATLAS and CMS.
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I. INTRODUCTION
A scalar resonance with a mass of around 125 GeV was first discovered in the diphoton
invariant mass spectrum and four-lepton channel at the ATLAS [1] and CMS [2] exper-
iments. The scalar particle is identified as the Higgs boson which is responsible for the
electroweak symmetry breaking (EWSB) in the standard model (SM).
With
√
s = 13 TeV, ATLAS and CMS recently report the first results from run 2 of the
Large Hadron Collider (LHC) and both experiments show a moderate bump at around 750
GeV in the diphoton invariant mass spectrum, where ATLAS (CMS) employs 3.2(2.6) fb−1
of data [3, 4]. With the narrow width approximation, the ATLAS and CMS experiments
show that the local significances for the diphoton excess are 3.6σ and 2.6σ while the global
significances are 2.0σ and 1.2σ, respectively.
The earlier search for diphoton resonances was performed by ATLAS [5] and CMS [6] at
√
s = 8 TeV. Although ATLAS found nothing exotic events, CMS indicated some excess at
the diphoton invariant mass of around 750 GeV. Combined with the earlier diphoton excess,
the local (global) significance at the CMS becomes 3.0(1.7)σ. Motivated by the intriguing
diphoton excess, the resonance candidates are proposed [7–45].
Taking the CMS combined results as an illustration, if a resonance at 750 GeV exists,
the cross section for the process pp→ X → γγ should be around 3-10 fb, where X denotes
the unknown resonance. If we assume that the resonance is a scalar and its couplings to the
SM fermions and gauge bosons are similar to the SM Higgs, one can see that the production
cross section times the branching ratio (BR) for X → γγ decay is σ(pp → X) · BR(X →
γγ) ≈ 1.33 × 10−4 fb at √s = 13 TeV [63]. The diphoton production cross section is too
small to explain the excess. Therefore, if the resonance is a scalar boson, the main problem
is that BR(X → γγ) should be of order of 10−3 when σ(pp→ X) is around 1 pb.
Since the heavy scalar or pseudoscalar boson in an ordinary two-Higgs-doublet model
(2HDM) can couple to the weak gauge bosons and/or the SM fermions at the tree level, it
may be difficult to escape the problem of small BR(X → γγ). To avoid this small BR, we
propose that the new resonance candidate is a Higgs singlet (S) in which it does not couple
to the gauge bosons and the SM fermions at the tree level. In order to produce this singlet
by gluon-gluon fusion (ggF) process, we introduce new exotic quarks with masses of 1 TeV
to couple to the Higgs singlet.
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The proposal is motivated from the loop induced effective interaction of the SM Higgs
coupling to gluons, expressed as [64–67]:
Lhgg = αs
12pi
yt√
2mt
nFhG
a
µνG
aµν , (1)
where yt is the top-quark Yukawa coupling, v is the vacuum expectation value (VEV) of
the SM Higgs, the mass of top quark is determined by mt = ytv/
√
2 , nF is the number
of possible heavy quarks in the loop, and nF = 1 in the SM. From Eq. (1), it can be seen
that the h production cross section by ggF process can be enhanced by the Yukawa coupling
and the number of heavy quarks. For illustration, if we pretend nF = yt = 3, mt = 1
TeV and mh = 750 GeV, the h production cross section can reach O(1) pb. That is, the
production cross sector for the proposed Higgs singlet can easily reach the level of pb when
the number of new exotic quarks and Yukawa coupling are taken properly. Since the Higgs
singlet can only decay via the new quark loops in which S → gg is the dominant decay
channel; therefore, the BR for the S decaying to diphoton can be naively estimated by
Γ(S → γγ)/Γ(S → gg) ∼ 32/256Q4F N2c /n2F α2/α2s ≈ 3.0 × 10−3, where Q2F is the sum of
squared electric charges of new quarks inside loop and we take Q2F = 2 and nF = 3 as the
example. Clearly, the resulted σ(pp → S → γγ) can match with the measurements from
the LHC run 2.
In order to establish a model that obeys the SM gauge symmetry, is anomaly free, pos-
sesses a scalar with a mass of around 750 GeV, and naturally provides larger nF and Yukawa
couplings, we investigate the subject in the framework of vector-like quark (VLQ) model
with a heavy SU(2)L Higgs singlet. The related studies with Higgs singlet and/or VLQs
for explaining the diphoton excess can be referred to [10, 12, 13, 15, 18, 19, 25, 28, 29, 43].
From a fundamental theoretical perspective, which is for resolving hierarchy issue, matter-
antimatter asymmetry, etc, the VLQs are predicted by the theories, such as Little Higgs
models [46–49], composite Higgs models [50–54], extra dimensions [55, 56], and nonminimal
supersymmetric SM [57–62]. A Higgs singlet can be also embedded in these models. For
phenomenological study, we directly add the VLQs and a Higgs singlet to the SM.
Basically, there is no limit for the possible representations of VLQs. If we consider
the VLQs those which can only mix with the SM up or down type quarks, the possible
representations are singlet, doublet, and triplet [68–76]. To avoid introducing too many
VLQ states, we adopt the vector-like triplet quarks (VLTQs) in which each triplet has three
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new quarks. In the base of gauge eigenstates, the introduced Higgs singlet only couples to
VLTQs.
Since the introduced VLQs have different isospins from the SM quarks, therefore, the
Higgs- and Z-mediated flavor changing neutral currents (FCNCs) occur at the tree level. Due
to the new Yukawa couplings to VLQs and the SM quarks, besides the SM Higgs coupling
to top-quark is modified, the SM Higgs couplings to VLQs are also induced. The SM Higgs
production cross section and its decay to diphoton thus are changed. It is interesting to see
the influence of the model on the Higgs measurements and its implications at the LHC.
The paper is organized as follows. In Sec. II, we briefly introduce the model and present
the new scalar potential, new Yukawa couplings, and new gauge couplings to the introduced
vector-like quarks. We study the properties of Higgs singlet and discuss its production and
various decays in Sec. III. In the same section, we also investigate the implications of new
effects on the SM Higgs decay to diphoton, top FCNCs, and collider signatures. We give
the conclusion in Sec. IV.
II. MODEL
We extend the SM by including one real Higgs singlet S and two VLTQs, where the
representations of VLTQs in SU(3)c × SU(2)L × U(1)Y gauge symmetry are chosen as
(3, 3)2/3 and (3, 3)−1/3 [69]. Since the current Higgs measurements give a strict bound on
the mixing angle between S and the SM Higgs [76], in order to suppress the mixing effect at
the tree level, we impose a Z2 discrete symmetry to the S field, that is, S → −S under the
Z2 transformation. The scalar potential, obeyed the SM gauge symmetry and Z2 symmetry,
is expressed as:
V (H,S) = µ2H†H + λ1(H
†H)2 +m2SS
2 + λ2S
4 + λ3S
2(H†H) . (2)
The representation of SM Higgs doublet is taken as:
H =

 G+
1√
2
(v + h+ iG0)

 , (3)
where G+ and G0 are Goldstone bosons, h is the SM Higgs field and v is the VEV of H . The
scalar potential in Eq. (2) can not develop a non-vanished VEV for S field when λ2,3 > 0.
Thus, like the SM, v =
√−µ2/λ1 and mh = √2λ1v ≈ 125 GeV. Due to the Z2 symmetry,
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h and S do not mix at the tree level and mS is the mass of S. We note that the Z2 can be
softly broken by the mass terms of VLTQs.
The gauge invariant Yukawa couplings of VLTQs to the SM quarks, the SM Higgs doublet,
and the new Higgs singlet are written as:
−LYVLTQ = Q¯LY1F1RH˜ + Q¯LY2F2RH + y1Tr(F¯1LF1R)S + y2Tr(F¯2LF2R)S
+ MF1Tr(F¯1LF1R) +MF2Tr(F¯2LF2R) + h.c. , (4)
where QL is the left-handed SM quark doublet and regarded as mass eigenstate before the
VLTQs are introduced, all flavor indices are hidden, H˜ = iτ2H
∗, and F1(2) is the 2 × 2
VLTQ with hypercharge 2/3(−1/3). To keep the dimension-4 operator terms, we require
that F1L,2L carry the Z2 charge; the representations of F1,2 in SU(2)L are expressed by:
F1 =

 U1/√2 X
D1 −U1/
√
2

 , F2 =

 D2/√2 U2
Y −D2/
√
2

 . (5)
The electric charges of U1,2, D1,2, X and Y are 2/3, −1/3, 5/3 and −4/3, respectively.
Therefore, U1,2(D1,2) can mix with up (down) type SM quarks. The masses of VLTQs
do not originate from the electroweak symmetry breaking. Due to the gauge symmetry,
the VLTQs in the same multiplet state are degenerate and denoted by MF1(2) . Since the
mass terms of VLTQs do not involve S field and the associated operators are dimension-3,
therefore, the discrete Z2 is softly broken by MF1,2 terms.
Since the S field is a SU(2)L singlet, it can not directly couple to weak gauge bosons;
however, the effective couplings to these gauge bosons can be induced through the VLTQ
loops. Thus, it is necessary to study the weak interactions of VLTQs. We write the covariant
derivative of SU(2)L × U(1)Y as:
Dµ = ∂µ + i
g√
2
(
T+W+µ + T
−W−µ
)
+ i
g
cW
(
T3 − s2WQ
)
Zµ + ieQAµ , (6)
where W±µ , Zµ and Aµ stand for the gauge bosons in the SM, g is the gauge coupling of
SU(2)L, sW (cW ) = sin θW (cos θW ), θW is the Weinberg angle, T
± = T1± iT2, and the charge
operator Q = T3 + Y with that Y is the hypercharge of particle. The generators of SU(2)L
in triplet representation are set to be:
T1 =
1√
2


0 1 0
1 0 1
0 1 0

 , T2 = 1√2


0 −i 0
i 0 −i
0 i 0

 , T3 =


1 0 0
0 0 0
0 0 −1

 . (7)
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Accordingly, the gauge interactions of new quarks are summarized as:
LV FF = −g
[(
X¯γµU1 + U¯1γ
µD1 + D¯2γ
µY + U¯2γ
µD2
)
W+µ + h.c.
]
−
[
g
cW
F¯1
(
T 3 − s2WQ1
)
F1Zµ + eF¯1γ
µQ1F1Aµ + (F1 → F2, Q1 → Q2)
]
, (8)
where the alternative expressions for the VLTQs are given by F T1 = (X,U1, D1) and F
T
2 =
(U2, D2, Y ) and the associated charge operators are diagQ1 = (5/3, 2/3,−1/3) and diagQ2 =
(2/3,−1/3,−4/3). Since the left-handed and right-handed VLTQs have the same couplings
to the gauge bosons, therefore, the vector-like quarks in Eq. (8) are not separated by their
chirality.
III. PHENOMENA OF THE HIGGS SINGLET, THE SM HIGGS, AND THE
VLQS
A. Decays and production of the Higgs singlet
After introducing the model, we analyze the production and decays of S at 13 TeV LHC.
Since the S mainly couples to the VLTQs, its production is through one-loop ggF process.
Thus, the effective coupling induced from the VLTQ loops for Sgg is formulated by:
LSgg = αs
8pi
(∑
i=1,2
nFiyi
2mFi
A1/2(τi)
)
SGaµνGaµν , (9)
where nFi = 3 is the number of VLTQs in the triplet state Fi and the loop function is
A1/2(τ) = 2τ [1 + (1− τ)f(τ)2] (10)
with τ = 4m2F/m
2
S and f(x) = sin
−1(1/
√
x). Accordingly, the partial decay width for
S → gg is derived by:
Γ(S → gg) = α
2
sm
3
S
32pi3
∣∣∣∣∣
∑
i=1,2
nFiyi
2mFi
A1/2(τi)
∣∣∣∣∣
2
. (11)
With the electromagnetic interactions in Eq. (8), the partial decay width via the VLTQ
loops for S → γγ is obtained as [76]:
Γ(S → γγ) = α
2m3S
256pi3
∣∣∣∣∣
∑
i
yiQ
2
Fi
Nc
mFi
A1/2(τi)
∣∣∣∣∣
2
, (12)
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where Nc = 3 is the number of colors and QFi stands for the total electric charge of triplet
Fi. The partial decay width for S → Zγ can be formulated as:
Γ(S → Zγ) = N
2
cm
3
S
32pi
|AF |2
(
1− m
2
Z
m2S
)3
, (13)
AF =
α
2pisW cW
∑
i,fi
−4yiQfi
mFi
(T 3fi − s2WQfi)[I1(τfi , λfi)− I2(τfi , λfi)] ,
where i = 1, 2, fi is the possible VLQ in Fi, τfi = 4m
2
Fi
/m2S, λfi = 4m
2
Fi
/m2S, the summation
is for i and fi, and the loop integrals are given as [64]:
I1(a, b) =
ab
2(a− b) +
a2b2
2(a− b)2 [f(a)
2 − f(b)2] + a
2b
(a− b)2 [g(a)− g(b)] ,
I2(a, b) = − ab
2(a− b) [f(a)
2 − f(b)2] ,
g(t) =
√
t− 1 sin−1(1/√t) . (14)
In order to calculate the loop-induced S → W+W−/ZZ decays, we ignore the small effect
from m2W (Z)/m
2
S and the decay widths are derived as:
Γ(S →W+W−) = α
2m3S
256pi3
∣∣∣∣∣
∑
i=1,2
2yiNc
mFis
2
W
A1/2(τi)
∣∣∣∣∣
2
,
Γ(S → ZZ) = α
2m3S
256pi3
∣∣∣∣∣
∑
i,fi
yiNc(T
3
fi
− s2WQfi)2
mFis
2
W c
2
W
A1/2(τi)
∣∣∣∣∣
2
. (15)
Since Z2 is broken by the mass terms of VLTQs, S → hh decay can be induced at the loop
level. The partial decay width is obtained as:
Γ(S → hh) = mS
16pi
λ2Shh
√
1− 4m
2
h
m2S
, (16)
λShh =
2Ncy
(4pi)2
∑
i
[
3mS(Y
2
i2 + Y
2
i3)
4mFi
I(m2S/m
2
Fi
)
]
,
I(z) =
∫ 1
0
dx1
∫ x1
0
dx2
2x2(x2 − x1) + x1/2
x1 + zx2(x2 − x1) .
From Eq. (4), it can be seen that Y1i and Y2i can lead to new flavor mixing effects; as a
result, S can decay to the SM quarks through the tree and loop diagrams. Nevertheless, the
induced vertex is suppressed by mq/mFi, where mq is the mass of the SM quarks. Therefore,
S → tt¯ is the dominant decay mode. In addition, the loop induced process has another
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suppression factor 1/(4pi)2; therefore, the partial decay width for S → tt¯ is of O(10−5) and
negligible. Hence, we show the tree-induced partial decay width for S → tt¯ as:
Γ(S → tt¯) = mSNc
8pi
λ2Stt
√
1− 4m
2
t
m2S
, (17)
λStt =
y1mtv
2Y 213
4m3F1
+
y2mtv
2Y 223
2m3F2
.
In order to perform the numerical analysis, without loss of generality we set y1 =
y2 = y, mF1 = mF2 = mF , and mS = 750 GeV. To suppress S decaying to the
VLTQs, we require mF > mS. Thus, the main S decay modes are S → f with f =
gg,W+W−, ZZ, Zγ, γγ, hh, tt¯ and the total width of the Higgs singlet is ΓS =
∑
f Γ(S → f).
In order to understand the total width of the Higgs singlet in the model, we present the
contours for ΓS as a function of mF and y in Fig. 1, where the numbers on the plot denote
the values of ΓS in units of GeV and the used K-factor is KS→gg = 1.35 [77]. Clearly, with-
out fine-tuning the Yukawa coupling y, the width of the Higgs singlet is below 1 GeV. Since
ATLAS and CMS do not conclude the width of the resonance, a narrow or a wide width is
possible. Therefore, the diphoton resonance in our model is a narrow width scalar boson.
Since loop-induced decays are all proportional to y, the BR for S decay is independent of the
Yukawa coupling. Numerically, we find that the BRs for S → gg/WW/ZZ/γγ/Zγ/hh/tt¯
are also insensitive to the values of mF and they are:
BR(S → gg) ≈ 0.673 , BR(S →W+W−) ≈ 0.151 ,
BR(S → ZZ) ≈ 0.095 , BR(S → Zγ) ≈ 0.039 ,
BR(S → γγ) ≈ 0.0170 , BR(S → hh) ≈ 0.007 , BR(S → tt¯) ≈ 0.018 , (18)
where Yi2,i3 = 1 in λShh have been applied.
In order to estimate the S production cross section in pp collisions at
√
s = 13 TeV, we
implement the effective interaction of Eq. (9) to the CalcHEP [78]. We display σ(pp → S)
as a function of y with mF = 1 TeV in the left panel of Fig. 2, where CTEQ6L PDF [79] is
used and the K-factor is taken as Kgg→S = 2 [77]; in the right panel, we plot σ(pp → S)
as a function of mF with y = 3. It can be seen that the S production cross section in pb
can be achieved with that mF is at TeV scale. Combined the results of σ(pp → S) with
those of BR(S → γγ), we show the contours for S production cross section times the BR for
S → γγ as a function ofmF and y in Fig. 3. From the plot, it is clear that with y ∼ O(1) and
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FIG. 1: Width of S ( in units of GeV) as a function of mF and y.
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FIG. 2: Higgs singlet production cross section (in units of pb) as a function of y [left] and mF
[right], where the K-factor is taken as Kgg→S = 2.
mF ∼ O(1) TeV, the diphoton production cross section can match with the LHC diphoton
excess.
It is interesting to see if the bounds from other experimental upper limits can be satisfied
when the values of parameters are fixed by the data of diphoton excess. For performing such
calculations, we require σ(gg → S → γγ) ≈ 6 fb at √s = 13 TeV, which has combined the
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FIG. 3: Contours for σ(pp → S) × BR(S → γγ) as a function of mF and y, where the numbers
on the plot are in units of fb.
results of ATLAS and CMS [15, 19]. Since the experimental upper bounds are measured at
√
s = 8 TeV, in order to get the theoretical results at
√
s = 8 TeV, we simply divide the
results at
√
s = 13 TeV by the parton luminosity ratio σ(gg → S)13TeV/σ(gg → S)8TeV ≈
5 [15]. We present the results at
√
s = 8 and 13 TeV in Table I. It can be seen that our
results are well below the experimental bounds. It is worth mentioning that besides the
γγ mode, from the table we see that the predicted Zγ mode is very close to the current
experimental bound. It can be a good candidate to test our model.
B. Top FCNCs, h→ γγ, and collider signatures
We discuss other interesting processes in the model below. From Eq. (4), it can be seen
that after EWSB, the FCNC interactions are induced as:
LhQq = Y1i√
2
(v + h)
(
1√
2
u¯LiU1R + d¯LiD1R
)
+
Y2i√
2
(v + h)
(
u¯LiU2R − 1√
2
d¯LiD2R
)
. (19)
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Final sates Constraints(8 TeV) Our model (8 TeV) Our model (13 TeV)
γγ < 1.5 fb [80, 81] 1.2 fb 6 fb
W+W− < 40 fb [82, 83] 11 fb 53 fb
ZZ < 12 fb [84] 6.7 fb 34 fb
Zγ < 4.0 fb [85] 2.8 fb 14 fb
jj . 2.5 pb [86] 47 fb 237 fb
hh < 39 fb [87] 0.49 fb 2.5 fb
tt¯ < 550 fb [88] 1.3 fb 6.4 fb
TABLE I: Comparisons of our results at
√
s = 8 and 13 TeV with the experimental bounds at
√
s = 8 TeV, where the parton luminosity ratio σ(gg → S)13TeV/σ(gg → S)8TeV ≈ 5 [15] has been
applied and σ(pp → S → γγ) ≈ 6 fb is determined by the combination of ATLAS and CMS data
at
√
s = 13 TeV [15, 19].
Since the D − D¯, K − K¯, and Bd − B¯d mixings make strict constraints on Yi1, the related
effects are small. In the numerical analysis, we ignore their contributions. We find that the
FCNC interaction hbs has a strong correlation to that htc and can be written as:
L = −Csbs¯PRbh− mt
mb
Csbc¯PRth+H.c. , (20)
Csb =
mb
4v
(2ζ12ζ13 + ζ22ζ23)
with ζij = Yijv/mFi. With ∆mBs = 1.1688 × 10−11 GeV, fBs = 0.224 GeV, mBs(b) =
5.367(4.6) GeV [89], the parameter Csb can be bounded as |Csb| < 5.2 × 10−4. If we take
ζ12 ∼ ζ13 ∼ ζ22 ∼ ζ23 = ζ , roughly it can be seen ζ2 < 0.036. Using the coupling of htc in
Eq. (20), the decay rate for t→ ch process is given by:
Γ(t→ ch) = mt
32pi
∣∣∣∣mtmbCbs
∣∣∣∣
2(
1− m
2
h
m2t
)2
. (21)
With the width of top quark Γt = 1.41 GeV [89] and the bound of Csb, we get:
BR(t→ ch) < 1.1× 10−4 , (22)
where the current upper limits from ATLAS and CMS are 0.46% [90] and 0.56% [91], re-
spectively. With a luminosity of ab−1 at 14 TeV, ATLAS estimates that the expected upper
limit at the 95% confidence level on the BR for t→ ch decay can reach 1.5× 10−4 [92].
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Due to the flavor mixing effects Y1j and Y2j , the VLTQ loops can also contribute to the SM
Higgs production cross section σ(gg → h) and the SM Higgs decay BR(h→ gg/γγ/Zγ). For
illustrating the influence of VLTQs, we present the ratio of our model to the SM prediction
for pp→ h→ γγ to be:
µγγ =
σ(pp→ h)VLTQ
σ(pp→ h)SM
BR(h→ γγ)VLTQ
BR(h→ γγ)SM
≈
∣∣∣∣1 + 34ζgg
∣∣∣∣
2 ∣∣∣∣1 + NcA1/2(xF )ζγγA1(xW ) + 4/3A1/2(xt)
∣∣∣∣
2
, (23)
where we have adopted the limit mt, mF ≫ mh, xW = 4m2W/m2h, xt = 4m2t/m2h, xF =
4m2F/m
2
h, A1(xW ) ≈ −8.3, A1/2(xt) ≈ 1.38,
ζgg = ζ
2
12 + ζ
2
13 + ζ
2
22 + ζ
2
23 ,
ζγγ =
Q2u + 2Q
2
d
4
(ζ212 + ζ
2
13) +
2Q2u +Q
2
d
4
(ζ222 + ζ
2
23) , (24)
Qu = 2/3, and Qd = −1/3. Using ζ2ij ∼ ζ2 < 0.036, we get µγγ < 1.18, where the
contribution from VLTQs to h → γγ is only 4%. The result is consistent with ATLAS of
µγγ = 1.17± 0.27 [93] and CMS of µγγ = 1.13± 0.24 [94].
We make some remarks on the constraints from the electroweak precision measurements,
such as the SM CKM matrix, Rb, and Rc. With the new Yukawa couplings in Eq. (4), the
3× 3 SM CKM matrix will be modified to be [76]:
(V SMCKM)ij → (VCKM)ij +
1
2
√
2
(ζ1iζ1j − ζ2iζ2j) . (25)
The modification will be smeared out if one takes ζ1i ≈ ζ2i. Due to the new flavor mixing
effects, the Z couplings to the SM quarks are also modified; therefore, the constraints from
the electroweak precision measurements should be taken into account. Following Eqs. (8)
and (19), the new Z couplings to the SM quarks are given by [76]:
LZqiqj = −
g
8cW
(aqζ1iζ1j − bqζ2iζ2j)q¯iLγµqjLZµ , (26)
where qi denote the up- or down-type SM quarks, au = bd = 1, bu = ad =
√
2, and only
left-handed couplings are modified. With the scenario ζi2 ≈ ζi3, it can be seen that the
changes of Zcc¯ and Zbb¯ couplings are the same in magnitude; here, we just examine the
constraint from Rb. Using the results [71, 95], we write
Rb = R
SM
b (1− 3.56δgbL) ,
δgbL =
1
8
(√
2ζ213 − ζ223
)
. (27)
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With Rexpb = 0.21629± 0.00066 [89] and RSMb = 0.21474 [96], the allowed range in 2σ errors
of data for ζ213 ≈ ζ223 = ζ2 is ζ2 ≤ 0.066. The constraint is close to that from Bs mixing.
Finally, we discuss the possible interesting signatures at the LHC. In the model, we
introduce two top partners U1,2, two bottom partners D1,2, and two exotic quarks X and
Y with the electric charges of 5/3 and −4/3, respectively. The detailed studies of U1,2 and
D1,2 can be referred to [71–73]; here we simply show what we find about the search for
X and Y . By using the CalcHEP, the pair production cross sections for X and Y with
mX = mY = 1 TeV at
√
s = 13 TeV are 22 fb; however, the single production cross sections
of X and Y¯ by W -mediation can reach 100 fb when ζ = 0.2 is applied. With the scenario
ζ12 ≈ ζ13 ≈ ζ22 ≈ ζ23, the main decay channels for X and Y in turn are X → W+(t, c)
and Y¯ → W+(s¯, b¯) and each branching ratio is almost equal to 1/2. Hence, the favorable
channels to search for the single production of VLQs X and Y are
pp→ dX5/3 → dW+c ,
pp→ dX5/3 → dW+t→ dW+(W+b) ,
pp→ dY4/3 → dW+(s¯, b¯) , (28)
where the cross sections can be 50 fb. The detailed analysis and event simulations will be
studied elsewhere.
IV. CONCLUSION
We employed a Higgs singlet S to resolve the diphoton resonance with a mass of around
750 GeV, which is indicated by the ATLAS and CMS experiments when they analyzed the
data from run 2 of the LHC at
√
s = 13 TeV. In order to study the Higgs singlet production
and decays, we embedded it to the VLQ model. Using the enhanced number of VLQs and
new Yukawa couplings, we found that the S production cross section can be of the order of
1 pb; the BR for S → γγ is 0.017 and is insensitive to new Yukawa couplings and masses
of VLQs. As a result, σ(pp → S) × BR(S → γγ) can match with the results of 3-10 fb,
which are measured by the ALTAS and CMS experiments. The width of the proposed Higgs
singlet is below a few GeV; therefore our model is suitable for the analysis with the narrow
width approximation.
We studied the implication on the FCNC process t → ch and found that
13
BR(t → ch) < 1.1 × 10−4 when the data of Bs oscillation were included; with the
same constrained value from Bs mixing, we demonstrated that the signal strength for
diphoton channel is µγγ < 1.18 and consistent with the current measurements in the ATLAS
and CMS experiments. We examined the constraint from the precision measurement of
Z → bb and the result is close to that from Bs mixing. It is found that the single production
cross sections for VLQs X and Y¯ can be over 100 fb and the dominant decay channels are
X → W+(c, t) and Y¯ → W+(s¯, b¯).
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